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We propose that the presence of a rotationally symmetric charge density wave (CDW) with
the modulation of 4-lattice constant in high-Tc superconductors is essentially responsible for an
anomalous quasiparticle dispersion revealed recently by angle-resolved photoemission spectroscopy
(ARPES) experiments. We elaborate clearly that the nodal quasiparticle is well-defined at low
energies, while the dispersion breaks up at the energy E1 and reappears at the energy E2. Our results
are in good agreement with both the ARPES and scanning tunneling microscopy experiments.
PACS numbers: 74.25.Jb, 71.45.Lr
Recently, scanning tunneling microscopy (STM) exper-
iments have been performed to search for hidden elec-
tronic orders in high-Tc superconductors. A checker-
board pattern with the spatial four-unit-cell modula-
tion for the local density of states was first seen around
magnetic vortex cores in slightly overdoped samples by
Hoffman et al. [1]. This kind of modulation pattern
was also reported in later STM experiments, in zero
field and in both the superconducting (SC) and nor-
mal states [2, 3]. In addition, the Fourier transform of
the STM spectra (FT-STM) reveals four non-dispersive
peaks at about (±2pi/4, 0) and (0,±2pi/4) in the nor-
mal [2] and SC state [3]. All of these experimental re-
sults indicate that a kind of charge density wave (CDW)
order with a characteristic wave vector in the CuO bond
direction of q = 2pi/4 exists likely in high-Tc supercon-
ductors [4].
On the other hand, an intriguing anomalous quasi-
particle dispersion was very recently observed in angle-
resolved photoemission spectroscopy (ARPES) experi-
ments [5, 6], i.e., a well-defined nodal quasiparticle dis-
persion is broken down between the two higher energies
E1 and E2, which drops in a waterfall-fashion with a
very low spectral weight. Below E2, the quasiparticle
dispersion reappears and disperses towards the zero cen-
ter. These anomalous features were observed in several
families of cuprates, in under-, optimal- as well as over-
doped samples, and below or above the SC transition
temperature. In hole-doped samples, the energies E1 and
E2 are around 0.35 and 0.8 eV, respectively. While in
the electron-doped samples (Pr1−xLaCexCuO4), the cor-
responding energies are found to be significantly larger
with E1 being around 0.6 eV [6]. The mechanism of
these features is still unclear while it should be indepen-
dent of the SC order. In addition, similar anomalous
higher-energy features were also observed in the insulat-
ing cuprate Ca2CuO2Cl2 [7]. Thus the mode coupling
picture [8] can hardly account for these higher-energy
behaviors because it is expected to happen only in metal-
lic systems. Note that, it was proposed before that the
CDW order may cause several other puzzling features
seen in ARPES experiments [9, 10, 11]. Moreover, a con-
nection between the ARPES and the FT-STM spectra
was recently established [12, 13] through the autocorre-
lation of the ARPES (AC-ARPES) spectra. Therefore,
it is natural and significant to ask whether the above-
mentioned anomalous dispersion observed in ARPES ex-
periments can also be originated from the CDW order,
which has already been detected by the STM experi-
ments. We here answer this question clearly by studying
the spectral function and the FT-STM based on a sim-
ple phenomenological model including the CDW order,
though we note that a recent theory based on a new rep-
resentation of the t − J model with two-band fermions
was also proposed for the anomaly [14].
At present, however, our knowledge on the origin and
effects of the CDW order is still far from complete.
What the phase diagram of such an order is and whether
it exists in all cuprate materials are still unclear [9].
In fact, the STM experiments are mostly carried out
on the Bi2Sr2CaCu2O8+x and Ca2−xNaxCuO2Cl2 sam-
ples. While a similar four-unit-cell structure was also
found in the YBa2Cu3Oy samples by diffuse x-ray scat-
tering measurements [15]. On the other hand, it seems
widely believed that the CDW order may have the same
physics as the stripe order [9], which has been seen in
the La2−xSrxCuO4 sample [16]. In addition, the stripe
order is suggested to exist in various doping region and to
be the ground state of the cuprates [17]. Considering the
above experimental and theoretical results, in this paper,
we employ a phenomenological scenario that admits the
existence of the CDW order to look into and elaborate
its effect on the spectral function. The FT-STM spec-
tra are also evaluated within our simple model and are
compared with the STM experiments. We demonstrate
that the CDW scattering is able to naturally lead to the
2higher-energy anomaly in ARPES experiments and the
non-dispersive peaks in the FT-STM spectra. Consid-
ering the robustness of this higher-energy anomaly, our
results suggest that the CDW order be likely more robust
in high-Tc superconductors.
We start with the following phenomenological Hamil-
tonian with a CDW order being taken into account,
H = HBCS +HCDW , (1)
where HBCS is the BCS-type Hamiltonian given by
HBCS =
∑
k,σ
εkc
†
kσckσ +
∑
k
(∆kc
†
k↑c
†
−k↓ + h.c.), (2)
with εk = −2t(coskx+cos ky)−4t
′ cos kx cos ky−µ, ∆k =
∆0(cos kx−cos ky)/2, and HCDW is the CDW scattering
term,
HCDW =
∑
Qkσ
(V c†k+Qσckσ + h.c.), (3)
withQ = (0, 2pi/4) and (2pi/4, 0) being the CDW scatter-
ing wave vectors. Hereafter, the related parameters are
chosen as t = 0.35 eV, t′ = −0.25t. The chemical poten-
tial µ is determined by the doping density δ = 0.12. We
here use the isotopic s-symmetry CDW with the inten-
sity V = 0.1 eV [18]. We have examined that our results
are not sensitive to the slight changes of the chosen pa-
rameters and the robustness of our main conclusion with
respect to the CDW scattering intensity V .
The electronic spectral function is given by A(k, ω) =
−1/piImG(k, ω + iΓ), where the retarded Green’s func-
tion G(k, ω+ iΓ) is obtained by diagonalizing the Hamil-
tonian [Eq.(1)]. The intensity plots of A(k, ω) are pre-
sented in Figs.1(a-d). We also plot the bare quasiparticle
dispersions εk in the absence of the CDW scattering (the
solid white lines) as a function of the momentum k for
comparison. As seen, at low energies, the quasiparticle
dispersions coincide almost with the bare ones. While
they deviate from the bare ones when the momentum is
close to K0 = (pi/4, pi/4). Then they break up at the
energy E1 around the momentum K0 and the quasipar-
ticles would be ill-defined within E1 < E < E2. At the
energy E2 the dispersions reappear and disperse towards
the (0, 0) point. These results are independent on the
SC order. While the energy Ei’s for the electron-doped
cuprates are larger than the corresponding ones for the
hole-doped samples, namely, E1 ≈ 0.35 eV, E2 ≈ 0.75 eV
in the hole-doped ones while E1 ≈ 0.6 eV, E2 ≈ 0.95 eV
in the electron-doped ones. These results are well consis-
tent with the experiments [5, 6]. Ei as a function of the
CDW scattering intensity V is plotted in Figs.1(e) and
(f). E0 is the bare quasiparticle energy at the momen-
tum K0. E1 and E2 approach to E0 as V approaches
to zero. As V increases, E1 decreases and E2 increases
linearly. The main results are stable and robust as V
changes slightly.
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FIG. 1: (Color online) Panels (a-d) are the intensity plots of
the spectral function as functions of the momentum and en-
ergy in the normal state (a,b) and SC state (c,d), respectively.
The solid white lines represent the bare dispersions εk. Panels
(e,f) are the energies Ei versus the CDW scattering intensity
V in the normal state (see the text). The left and right panels
are for the hole- and electron-doped cases, respectively.
A sound explanation for the described anomalous
higher-energy features can be given based on the follow-
ing scattering characteristic illustration. The first Bril-
louin zone as well as the normal state Fermi surfaces of
the electron- and hole-doped cuprates are presented in
Fig.2(a). As seen, the Brillouin zone may be divided
into sixteen parts in the presence of the CDW term, la-
beled as ′1′ to ′16′. When the CDW term acts on an
electron in part ′i′, it makes the electron hop to the
four neighboring parts [19]. Let us assume that an elec-
tron at A0 in region
′1′ has the momentum (k, k) (i.e.,
along the diagonal direction). The effect of the CDW
term makes it hop to A1−4 in the neighboring regions
′8, 4, 2, 11′, respectively, as shown in Fig.2(a). The cor-
responding momentums for the electrons at A1−4 are
(k−pi/2, k), (k, k+pi/2), (k+pi/2, k), (k, k−pi/2), respec-
tively. We present the bare dispersions for Ai (i = 0− 4)
in Fig.2(b). The dispersions for the electrons at A1 and
A4 (or A2 and A3) coincide because they are symmetric
points. We can see from Fig.2(b) that the quasiparticle
energy at A0 is different from that at Ai as the momen-
tum is far from K0. Thus the hopping from A0 to Ai is
difficult to occur because the energy conservation condi-
tion is not satisfied. As a result, the CDW term has little
effect on the hopping for this case, namely, the quasipar-
ticle is well-defined and the dispersion coincides almost
with the bare one, as shown in Fig.1(a). When the mo-
mentum decreases and moves close to K0, the energy at
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FIG. 2: (a) The normal state fermi surfaces for the hole-
doped (solid line) and electron-doped (dashed line) cuprates,
respectively. The scattering from A0 → Ai indicates the hop-
ping caused by the CDW term. (b) The bare dispersion of
quasiparticles at A0 (along the diagonal direction) and the
corresponding dispersions of that at Ai for the hole-doped
case.
A0 is closer to that at A1 and A4. The CDW term influ-
ences significantly the dispersion. Thus it deviates from
the bare one and the spectral weight reduces gradually.
When the momentum reaches K0, the bare quasiparticle
energy at A0 just equals to that at A1 and A4, as seen in
Fig.2(b), so that the hopping from A0 to A1,4 can occur
easily, which destroys the state of the quasiparticle at A0
and leads the dispersion to break up at this momentum.
As a result, the dispersion is pinned by the CDW term
and the quasiparticle is ill-defined. While, the quasipar-
ticle dispersion is no longer pinned by the CDW term
when the bounding energy is high enough (larger than
E2), and thus it reappears and disperses towards (0, 0)
point. In fact, when the electron leaves the K0 point,
the energy at A0 is different from that at Ai and thus
the quasiparticle is well-defined again.
In the SC state, the quasiparticle energy at A0 is the
same as that in the normal state along the diagonal di-
rection, while that at Ai is changed due to the presence
of the SC gap. Meanwhile, the quasiparticle energy at A0
equals to that at A1,4 at the momentumK0 because A1,4
is along the nodal direction at this momentum. Thus
the addressed anomaly depends weakly on the SC or-
der parameter ∆0. For the electron-doped cases, since
the Fermi momentum KF along the diagonal direction
is greater than that of the holed-doped sample, as seen
from the Fermi surfaces shown in Fig.2(a), the bounding
energy at K0 is larger. As a result, the anomalous ener-
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FIG. 3: (Color online) Panels (a) and (b) are the intensity
plots of the AC-ARPES spectra C(q, ω) at the zero energy in
the normal and SC state (∆0 = 0.04 eV), respectively. White
circles are used to denote the energy-independent peaks. Pan-
els (c) and (d) are the two-dimensional cuts for the spectra
along (0, 0) to (2pi, 0) with the energy increasing from −0.02
eV to 0.02 eV (from the bottom to the top) in the normal and
SC state, respectively.
gies E1 and E2 are larger than those of the hole-doped
ones, consistent with the experimental results [6].
We now turn to address the FT-STM spectra in hole-
doped cuprates. As we mentioned above, the FT-STM
spectra can be related to the ARPES spectra through
the AC-ARPES function C(q, ω), given by [12],
C(q, ω) =
1
N
∑
k
A(k, ω)A(k + q, ω). (4)
Very recently, it was concluded experimentally that the
FT-STM spectra are in good agreement with the AC-
ARPES spectra at low energies for various doping densi-
ties [13]. Therefore, we here use the AC-ARPES to de-
duce the FT-STM spectra and compare the results with
the STM experiments. The calculated intensities of the
AC-ARPES spectra at zero energy, in the normal and SC
state, are shown in Fig.3(a) and Fig.3(b), respectively.
The log scale is used so that the weak features can be re-
vealed. As shown, four peaks appear at the momentums
(±2pi/4, 0) and (0,±2pi/4). These peaks are independent
of the energies, as seen more clearly in Figs.3(c) and (d),
which are the two-dimensional cuts of the spectra for
the energies from −0.02 to 0.02 eV. These non-dispersive
peaks in the FT-STM spectra were observed experimen-
tally in the normal state [2]. In the SC state, while they
are suppressed by the SC order, they were also indeed
observed by STM experiments as well [3].
The consistency between the FT-STM and AC-ARPES
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FIG. 4: (Color online) Panels (a) and (b) are the intensity
plots of ARPES spectra at zero energy in the normal and SC
state, respectively. Panel (c) is the replotting of the spectra
in the SC state while the log scale is used.
spectra indicates that the non-dispersive peaks may
be explained based on the quasiparticle interference
model [20, 21], i.e., the momentums of the peaks in FT-
STM spectra are just the wave vectors that connect the
tips of the constant energy contour. Based on this pic-
ture, the various dispersive peaks observed by STM ex-
periments in the SC state [20, 22] are reproduced suc-
cessfully. At present, in the presence of the CDW or-
der, the intensity plots of the ARPES spectra at zero
energy are depicted in Figs.4(a) and (b)/(c) for the nor-
mal state and SC state, respectively; since the ARPES
spectrum is reduced to a dot along the nodal direction
in the SC state [Fig.4(b)], we re-plot it by using a log
scale in Fig.4(c) to reveal the weak features caused by
the CDW order. As we discussed above, the ARPES
spectra break up at the momentums Ki = (±pi/4, q) and
K′i = (q,±pi/4) because of the CDW scattering, leading
to the tips of the spectra at these momentums. In the
corresponding AC-ARPES spectra, the peaks appear at
the momentums Qi that connect the tips of the ARPES
spectra, as denoted in Figs.4(a) and (c). As a result, al-
though the CDW order has a very weak effect on the low
energy ARPES spectra, which is difficult to be detected
directly by the ARPES experiments, the non-dispersive
peaks induced by the CDW order appear clearly in the
AC-ARPES spectra (or the FT-STM spectra) and can
be detected firmly by the STM experiments.
To conclude, based on a phenomenological model, we
have for the first time elaborated that the CDW scatter-
ing is able to cause the intriguing dispersion anomaly
observed in the ARPES spectra for both hole-doped
and electron-doped samples as well as the non-dispersive
peaks in the FT-STM spectra. A clear physical picture
of the mechanism was presented based on the scattering
analysis in the presence of the CDW order.
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